We analyze the stability of the atomic configurations of tips in the adhesion process in noncontact atomic force microscopy (AFM) using a potential energy surface (PES). We calculate the PES for two types of atomic configurations of the tip as typical cases of reconstruction and irreversible change during the adhesion process. The stability of the tips after atomic contact with the surface is explained on the basis of the calculated PESs, which are affected by the strength of the atomic bond between the tip and the surface. It is shown from the computational model for the AFM that an unstable tip leads to a larger energy dissipation compared to that for a stable tip.
I. INTRODUCTION
Friction and energy dissipation originate from the atomic interactions at a surface. Dissipation has been observed in noncontact atomic force microscopy (AFM), and a map of the dissipation shows atomic-scale features for several surfaces [1] [2] [3] [4] [5] [6] [7] [8] [9] . The origin of dissipation in AFM has been intensively discussed by theoretical and computational methods [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . A stochastic friction mechanism for the dissipation has been proposed [10] [11] [12] [13] [14] , in which the tip of the cantilever is treated as a Brownian particle fluctuated by random and interaction forces; however, it cannot quantitatively reproduce the dissipation observed in experiments [13, 14] . To date, the most acceptable mechanism for dissipation is atom adhesion on a surface [15] [16] [17] [18] [19] [20] [21] [22] [23] . This adhesion results in hysteresis of the force between the tip and the surface, and this nonconservative force causes energy dissipation in the oscillation of the cantilever, which is comparable to the experimental case.
The stability of the tip apex is a key issue in the adhesion process in AFM. In the adhesive mechanism, the atomic structure of the tip apex remains intact after adhesive atomic contact, and it is reversibly reconstructed during the adhesion process. However, in AFM experiments, the tip apex often experiences an instability; specifically, the atomic structure of the tip apex is irreversibly broken owing to the interaction with the surface [1] . Thus, it is necessary to prepare a stable tip in order to observe the force curves and energy dissipation.
We have investigated the tip stability in the adhesion process using a computational model for AFM, in which the cantilever is described by a spring, and the atomic system of the tip apex and surface is calculated by molecular dynamics [24] . The oscillation of the spring is concurrently coupled with the motions of the atoms using [24] . The oscillation of the cantilever is described by that of a spring, which is connected to the atomic system of the tip and surface. (b) Two types of ionic structures of the tip used in the atomic system of the AFM model and the time evolutions of the ionic structures upon approach and retraction [24] . The type 1 tip consists of a layer composed of five O (white) ions and four Mg (black) ions at the surface of the MgO crystal with a single Mg ion mounted at the center of this layer. The type 2 tip consists of a layer composed of eight O ions and eight Mg ions at the surface of the MgO crystal with a pair of Mg and O ions mounted onto this layer. After a tip approaches the surface, the ionic configuration of the tip is reconstructed for the type 1 tip, whereas it irreversibly collapses for the type 2 tip. a coupling method. The details of the coupling model for AFM are explained in [25, 26] , and a schematic of the model is shown in Fig. 1(a) , in which the spring oscillates, and the tip of the atomic system approaches and retracts from the surface. lution [3, 4, 6] , and the surface of the MgO also has been successfully imaged by non-contact AFM [27] . We have shown that the energy dissipation of the spring originates from the adhesion of the ions in the atomic system and have investigated the stability of a few types of MgO tips during the adhesion process. The ionic configuration of the type 1 tip is reconstructed even after atomic contact with the surface, as shown in Fig. 1(b) , whereas that of the type 2 tip is irreversibly changed after contact.
In this study, we investigate the mechanism of the tip stability of these two tip types as typical cases of reconstruction and irreversible change during the adhesion process. We analyze the tip stability using the potential energy surface (PES). Analysis using the PES has explained atomic adhesion and hysteresis on a variety of surfaces [15, 19, 21, 23] and in nanojunctions [28] . We explain not only the adhesion between the tip and the surface but also the stability of the tip during the adhesion process in terms of the calculated PES. Moreover, by comparing the above two types of tip: stable and instable, the dependence of the stability on the types of the tip apex is discussed using the PESs.
II. METHOD
A tip consisting of Mg and O ions with a classical ionic potential has been shown to be good model for a wide class of polar tips of AFM probes [29] . The pairwise potential comprises parts of the Coulombic, dispersion, and repulsive interactions between ions [30] . The total potential energy of the ionic system is assumed to be composed of the sum of the pair potentials. Thus, the defined potential energy of the ionic MgO system is minimized with constraints, as shown in Fig. 2 circles in Fig. 2(a) ] are allowed to move and relax during minimization. The optimized configuration of the ionic system of the tip and surface is obtained for the separation between 1 and 2 ions, which is modulated by shifting ions 1 and 2 vertically. Energy minimization is performed at each separation, and the minimized potential energy, the so-called potential energy surface (PES), as a function of the separation is derived.
We apply constraints to the ionic MgO system of the type 1 and 2 tips, as shown in Fig. 2(b, c) , respectively. The periodic boundary condition is applied to the system along the x and y directions. The separation between Mg and O ions is modulated, and the PES as a function of the Mg-O separation is derived. In the AFM model using the coupling method, the tip of the ionic system approaches and retracts from the surface as shown in Fig. 1 , where the height of the tip from the surface Z is changed. We investigate how the PES depends on Z.
III. RESULTS AND DISCUSSION

A. Type 1 tip: stable tip
When the tip is far from the surface (Z = 8.4Å), the calculated PES is minimized when the distance between the Mg and O ions is large, as shown in Fig. 3(a) . In this case, the Mg and O ions energetically prefer to be separated from each other and are located at the original lattice sites of the tip and surface, respectively. In contrast, if the tip is close to the surface (Z = 5.2Å), the ions are attracted each other, and an ionic bond forms between the Mg and O ions, where the minimum of the PES is achieved when the separation is equal to the Mg-O bond length, as shown in Fig. 3(b) .
The height dependence of the PES of the ionic system of the type 1 tip is shown in Fig. 4 . The minima of the PESs at points 1 and 2 correspond to states in which the Mg ion of the tip is separated from the O ion of the surface in the same way as the case of Z = 8.4Å in Fig. 3(a) , whereas points 3 and 4 correspond to the formation of a Mg-O ionic bond. When the tip is far from the surface (Z = 6.4Å), the Mg ion of tip is separated from the O ion on the surface (point 1). As the tip approaches the surface to Z = 5.9Å, the Mg ion is still separated from the O ion (point 2). However, another minimum (point 4) exists on the PES, and it is separated from point 2 by an energetic barrier. As the tip further approaches the surface (Z = 5.2Å), the minima at points 1 and 2 become shallow, the minimum in the PES changes to point 3, and a Mg-O bond forms between the tip and the surface. When the tip retracts from the surface, the Mg-O bond still remains up to Z = 5.9Å (point 4). As retraction continues, the minimum in the PES changes from point 4 to point 1 instead of point 5, at which the formation of the Mg-O bond is energetically unstable. These motions of the Mg and O ions during the adhesion process are the same as those observed with the AFM model in Fig. 1(a) and can be explained on the basis of the calculated PESs.
The hysteresis of the ionic system originates from the double minimum points accompanying the energetic barrier on the PES at Z = 5.9Å. Points 2 and 4 exist on the PES, and the ionic system cannot simply transfer between these points owing to the considerable large barrier between them. The Mg ion is separated from the O ion when the tip approaches the surface (point 2), whereas a Mg-O ionic bond forms upon retraction from the surface (point 4), even at the same height Z = 5.9Å. This hysteresis of the ionic system produces a nonconservative force on the spring and the energy dissipation in the AFM model [24] .
The stability of the ionic configuration of the tip is also explained on the basis of the PESs. At Z = 6.4Å, the ionic system at point 4 can return to that at point 1 since the magnitude of the barrier on the PES decreases. The ionic configuration returns to the initial one as the tip approaches and retracts from the surface; it is stable during the adhesion process. The depths of points 3 and 4 on the PESs become shallow as the tip is far from the surface, and the barrier on the PES vanishes at Z = 6.4Å. Since the magnitudes of the depths of these minima correspond to the strength of the Mg-O bond, these shallow minima mean that the Mg-O bond weakens and brakes when the tip is far from the surface.
The magnitude of the barrier on the PES and the height dependence play key roles in the stability of the tip configuration during the adhesion process. The stability of the tip relies on the ionic configuration of the tip and its PES during the adhesion process.
B. Type 2 tip: unstable tip
In the AFM model, the ionic configuration of the type 2 tip is irreversibly changed once the tip approaches the surface, as shown in Fig. 1(b) . The type 2 tip becomes unstable during the adhesion process. Figure 5 shows the height dependence of the PES of the ionic system for the type 2 tip. The double minima and energy barrier for the PESs are similar to those observed for the ionic configuration for the type 1 tip; however, the barrier on the PES at Z = 6.8Å remains prominent. Once the minimum on the PES reaches point 3 at a Mg-O separation of approximately 2Å, the ionic system remains at points 4 and 5 even after retraction far from the surface owing to the barrier. Point 6 located at top of the barrier is energetically unstable, and the ionic system is never at this point and returns to point 1. This situation is different from that observed for the type 1 tip. Once a Mg-O bond forms between the tip and the surface, it does not break, even upon retraction of the tip, and the Mg and O ions never return to their original lattice sites. Such strong bonding between Mg and O ions lowers the energetic minimum at point 5 further and maintains the barrier on the PES, even when the tip is far from the surface.
The Mg-O bond forms when the tip approaches the surface, in which the strength of the Mg-O bond depends not only on the bond length but also the ionic arrangements around the Mg-O bond. The ionic arrangements as shown as point 4 in Fig. 5 make the Mg-O bond strong when the tip retracts from the surface, while in the case of point 4 in Fig. 4 of the type 1 tip, the Mg-O bond becomes weak upon the retraction. It is currently not clear which part of those ionic arrangements contributes the strength of the Mg-O bond, and this remains a challenge for further study.
According to the results obtained from the AFM model [24] , once the Mg-O bond forms, it becomes a string of ions connecting between tip and surface upon retraction, as shown in Fig. 1(b) . The formation of the strings is due to the strong Mg-O bond and kinetic energy of the ionic system at finite temperature T = 300 K in the AFM FIG. 6 . Time evolutions of the energy of the spring in the AFM model using the coupling method shown in Fig. 1(a) . The period time T of the spring's oscillation is 6.76 × 10 −11 s. Snapshots of the ionic systems are superimposed.
model. The finite temperature is expected to considerably affect the ionic configuration of tip and surface.
C. Tip stability versus energy dissipation
It is found from calculation using the AFM model that the magnitude of the dissipation per cycle increases for the type 2 tip, as shown in Fig. 6 , although the initial configuration of the tip irreversibly changes to strings of ions. The amounts of the energy dissipation of the spring are about 0.02 eV/cycle for type 1 and 0.2-0.3 eV/cycle for type 2, where the same amplitudes of the oscillation are given initially for both types. Figure 7 shows the force acting on the spring during approach and retraction of the spring, in which the force at approach is different from that at the retraction for both tip types. These nonconservative forces come from the hysteresis of the ionic system as explained in Sections III A and III B. The area between two force curves at approach and retraction corresponds to the quantity of energy dissipation per cycle of the spring oscillation. For the type 1 tip, once the Mg-O bond forms [points 3 and 4 in Fig. 7(a) ], the attractive force is applied on the spring. For the type 2 tip, an attractive force (sometimes repulsive force) appears over the wide range of the spring position upon the retraction, which gives rise to a large area in the force curve and the large dissipation. Once the string forms between the tip and surface, it provides attractive force on the spring and it is stretched [1 → 2 in Fig. 7(b) ] by spring's force in the AFM model upon the retraction. When the tensile force in the string increases to around −0.05 eV/Å, ions are supplied from the tip to the string and a longer string appears [2 → 3 in Fig. 7(b) ]. This new string with additional ions is stretched again as the retraction continues. The process of stretching and growth of the string occurs four times during the retraction of the spring in the present case, as shown in Fig. 7(b) . This process upon retraction provides the attractive force on the spring over a wide range of spring positions and results in the large dissipation. The type 2 tip shows instability; however, it provides significant dissipation.
In contrast, for the type 1 tip, there is only one oppor- tunity to contribute the attractive force in the force curve upon the retraction, which results in a smaller amount of dissipation than that for type 2. The configuration of the type 1 tip remains even after many cycles of oscillation; however, its dissipation is comparably small.
IV. CONCLUSION
The stability of a tip-namely, whether its ionic configuration is reconstructed or irreversibly changed in the process of adhesion-depends on the nature of the ionic configuration of the tip. For both tip types, when the tip approaches the surface, the Mg ion of the tip bonds to the O ion of the surface. In the type 1 atomic configuration, the Mg-O bond breaks when the tip is retracted from the surface, which is reflected by the decrease in the barrier in the PES. In this case, since the Mg-O bond is weak, the Mg ion can return to the original lattice of the tip, and the tip is reconstructed upon retraction. In contrast, in the type 2 atomic configuration, since the Mg-O bond is strong, the minimum point on the PES at a separation equal to the Mg-O bond length maintains its depth, and the barrier remains prominent, even upon the retraction. The Mg-O bond remains intact as the tip retracts from the surface, and the ionic configuration of the tip and surface is irreversibly altered. We show that the strength of the Mg-O bond largely determines the magnitude of the barrier on the PESs, and whether tip ions will return to their original configuration or undergo an irreversible change. However, the part of the ionic arrangements of the tip and surface that contributes to the strength of the Mg-O bond remains to be clearly identified, which is a challenge for further studies on tip stability. It is shown from the AFM model coupling the ionic system to the spring oscillation that energy dissipation is comparably small for the stable type 1 tip, while for the unstable type 2 tip it provides significant dissipation.
